PML nuclear bodies (PML NBs) respond to many cellular stresses including viral infection, heat shock, arsenic and oncogenes and have been implicated in the regulation of p53-dependent replicative senescence and apoptosis. Recently, the hMre11/Rad50/NBS1 repair complex, involved in Double Strand Breaks (DSBs) repair, was found to colocalize within PML NBs, suggesting a role for these nuclear sub-domains in the DNA repair signalling pathway. We report here that in normal human ®broblasts, after ionizing radiation (IR), the PML NBs are modi®ed and recognize sites of DNA breaks (ssDNA breaks and DSBs). Eight to 12 h after radiation PML NBs associate with hMre11 Ionizing Radiation-Induced Foci (IRIF), and subsequently with p53 within discrete foci. The PML, hMre11 and p53 colocalizing structures mark sites of DSBs as identi®ed by immunolocalization with anti phosphorylated histone g-H2AX. Furthermore, we demonstrate that ionizing radiation induces the stable association of p53 with hMre11 and PML. These results suggest that the PML NBs are involved in the recognition and/or processing of DNA breaks and possibly in the recruitment of proteins (p53 and hMre11) required for both checkpoint and DNA-repair responses.
Introduction
The promyelocytic leukaemia protein (PML) is a tumour suppressor implicated in the regulation of growth, apoptosis, viral infection and replicative senescence. Chromosomal fusion of the PML locus with that of the retinoic acid receptor alpha (RARa) is characteristic of acute promyelocytic leukaemia (APL) (de The et al., 1990; Borrow et al., 1990) and expression of the resultant PML ± RARa protein is sucient to induce a leukaemic state in transgenic mice (Brown et al., 1997) .
PML occurs within discrete nuclear bodies (NBs) that redistribute within microspeckles in APL, an essential event for the progression of the disease (Zhu et al., 1997) . Disruption of NBs is also observed upon viral infection (Ahn and Hayward, 2000; Everett et al., 1998; Kelly et al., 1995) and within autoimmune syndromes (Andre et al., 1996) . The precise function of NBs remains unclear. The presence of proteins such as DAXX, CREB binding protein (CBP), Bloom (BLM) and p53 within these structures (Everett et al., 1999; Boisvert et al., 2001; Ishov et al., 1999; Pearson et al., 2000; Fogal et al., 2000; Zhong et al., 1999 Zhong et al., , 2000 , imply that they may exert multiple roles in the cellular stress response. In agreement, PML NBs are dynamic structures that are modi®ed in response to a variety of stresses including heat shock (Maul et al., 1995) , arsenic (Zhu et al., 1997; Muller et al., 1998) and oncogenes (Pearson et al., 2000; Ferbeyre et al., 2000) .
Recently, NBS1 and hMre11 have been identi®ed as two novel components of the PML NBs (Lombard and Guarente, 2000; Mirzoeva and Petrini, 2001) . These proteins are constitutively associated with Rad50 (Dolganov et al., 1996) and have been implicated in repair of DNA double strand breaks (DSBs) after ionizing radiation (IR) (Paull and Gellert, 1998; Petrini, 1999) . Mutations within either NBS1 or hMre11 lead to disease states characterized by cancer predisposition and chromosomal instability (the Nijemegen Breakage Syndrome-NBS and Ataxia Teleangectasia-like syndrome-ATLD respectively) (Carney et al., 1998; Stewart et al., 1999) . Ionizing radiation induces, at late time-points, the re-localization of the hMre11 complex into so-called Ionizing RadiationInduced Foci (IRIF), which are thought to be part of a checkpoint mechanism or to mark sites of DNA damage that are either irrepairable or being slowly repaired (Maser et al., 1997; Mirzoeva and Petrini, 2001; Paull et al., 2000) .
Ionizing radiation results in the activation of response pathways that allow cell survival while maintaining genetic stability. Two distinct types of damage response pathways have been characterized, leading ®rstly to a cell cycle arrest and secondly to repair of the DNA. The DNA damage checkpoint pathways are activated directly by DSBs, and lead, via ATM/ATR signalling, to activation of Chk1 ± Chk2 kinases (Khanna and Jackson, 2001) and to stabilization of the tumour suppressor p53. In addition to cell cycle checkpoints, p53 has been proposed to be involved directly in the regulation of DNA repair through transactivation of repair genes (p48, GADD45, p53R) (Hwang et al., 1999; Smith et al., 2000; Lozano and Elledge, 2000; Tanaka et al., 2000) , its associated 3' ± 5' exonuclease activity (Mummenbrauer et al., 1996; Skalski et al., 2000) or its ability to stimulate base excision repair (BER) in vitro (Oer et al., 2001; Zhou et al., 2001) . It is currently unknown how co-operation between DNA repair activities and checkpoint control pathways allows cells to either reinitiate the cell cycle or to undergo permanent growth arrest or apoptosis.
PML is implicated in the p53 dependent regulation of cell cycle arrest (Pearson et al., 2000) and IRinduced apoptosis . Therefore, we sought to investigate the role that PML NBs play in the response to DNA damage.
Results
PML NBs are modified upon ionizing radiation and colocalize with X-ray induced DNA breaks PML NBs were analysed in irradiated WI38 primary human ®broblasts by indirect immuno¯uorescence analysis of paraformaheldeide ®xed cells. In untreated cells, PML staining occurred within the characteristic matrix associated NBs (Figure 1 ) (Chang et al., 1995) . After irradiation (15 Gy) we observed an overall increase in the number of PML NBs and the appearance of diuse nucleoplasmic staining indicating that DNA damage leads to increased PML expression and modi®cation of its localization pattern.
We next investigated whether alterations in PML NBs were associated with recruitment to sites of DNA damage. To this end, we used a BrdU staining protocol that allows the visualization of single-stranded DNA breaks after ionizing radiation (Raderschall et al., 1999) . Brie¯y, cells were pulsed with BrdU for 24 ± 30 h before treatment, to completely label the DNA. As no denaturation step is used prior to the anti-BrdU staining, the only accessible BrdU epitopes occur at sites of single-stranded DNA breaks. As shown in Figure 2A (f ± h), many BrdU foci were observed 4 and 8 h following IR treatment. The number of foci decreased at later time points (12 and 24 h), presumably as the DNA was repaired ( Figure 2A , i ± l). The extent of colocalization of the PML NBs with foci of DNA breaks (analysed by confocal microscopy by counting at least 30 nuclei/time point) gradually increased following irradiation: from about 20% after 2 and 4 h, to near 60% after 8 ± 24 h (8 h: 57.6+13.7, 12 h: 63+18, 24 h: 60.0+13.3). Anti-CREST staining of the same cells resulted in a characteristic nuclear speckled pattern that failed to colocalize with BrdU foci, suggesting that PML:BrdU colocalization is not a random event ( Figure 1C ).
It has been recently reported (Rogakou et al., 1998; Paull et al., 2000) that a phosphorylated form of the histone H2AX, modi®ed on serine 139, is localized in large chromatin domains at sites of radiation-induced DSBs. To further investigate if PML NBs dynamically associate and recognize sites of DSBs, we performed double-staining experiments of irradiated WI38 cells with anti PML and anti g-H2AX antibodies. As previously reported, g-H2AX rapidly, by 30 min, localizes within foci that associate with sites of DNA breaks ( Figure 2B , h) (Rogakou et al., 1999) . In agreement with the BrdU studies, colocalization of these foci with PML NB was ®rst observed after 8 h, peaking around 12 h, ( Figure 2B , r), con®rming the temporal association of PML NBs with ssDNA breaks. At 24 h a heterogeneous pattern of g-H2AX staining was observed with 20 ± 30% of cells ( Figure 2B , s) displaying large clusters of g-H2AX foci that remained associated with NBs, whereas the remaining 70 ± 80% of cells ( Figure 2B , t) showed very few or no g-H2AX foci that do not colocalize with PML NBs.
Ionizing radiation induces PML-hMre11 and PML-p53 colocalization in Ionizing Radiation Induced Foci (IRIF)
Recent reports identi®ed a dynamic interaction/ association of PML NBs with the DNA repair complex hMre11/Rad50/NBS1 (Mirzoeva and Petrini, 2001) . Therefore, we analysed the kinetics of PMLhMre11 interaction following DNA damage. To this end, cells were treated with 0.5% Triton X-100 (see Material and methods) before ®xation, to allow better identi®cation of chromatin and matrix bound proteins, including the PML NBs. In agreement with previous observations, colocalization between PML and hMre11 occurred in undamaged cells (Figure 3A, m) and was rapidly lost following damage. As shown in Figure 3A (n), PML and hMre11 (and Rad50, data not shown) remained separate up to 4 h following IR. Thereafter, between 8 ± 12 h, hMre11 aggregates began to reform in areas adjacent or completely overlapping with PML NBs ( Figure 3A , o,p). The degree of PML/ hMre11 colocalization was highly heterogeneous, ranging from 40 ± 80% at 12 h after irradiation. After 24 h, hMre11 was nearly always found within PML NBs ( Figure 3A, q) .
Following genotoxic damage, p53 is activated, resulting in growth arrest (Ko and Prives, 1996) . We have previously demonstrated that p53 relocalizes within the PML NBs following oncogenic assault (Pearson et al., 2000) . We therefore examined whether IR also induces the relocalization of PML and p53. As shown in Figure 3B , low levels of p53 were detected in non-irradiated cells ( Figure 3B, f) , while slightly increased levels of Colocalization is indicated in yellow (m ± q). (B) PML was visualized with monoclonal PGM3 (a ± f), DSBs with polyclonal anti rabbit g-H2AX (g ± n). Colocalization is indicated in yellow (o ± t). (C) As control for PML-BrdU colocalization anti centromere antibodies (anti CREST) were used; green¯uorescence, PML or anti CREST, red¯uorescence anti BrdU. Note the absence of yellow staining in CREST-BrdU nuclear diuse anti-p53 staining were observed after 4 h ( Figure 3B, g ). Thereafter, p53 could be observed to form discrete Triton X-100 resistant aggregates at 12 h (in 70 ± 80% of cells, Figure 3B , i) and at 24 h (in 20 ± 30% of cells, Figure 3B , l) that accumulated at the PML NBs ( Figure 3B , p,q). Confocal analysis indicated that most of the p53 foci colocalized with PML NBs. Therefore, PML and p53 associate at time points where colocalization with both hMre11 and with DSBs was observed.
Ionizing radiation induces the localization of PML ± hMre11 ± p53 IRIF at sites of DNA breaks and the in vivo association of p53 with PML and hMre11
The dynamic association of PML NBs with hMre11 foci and p53 foci following ionizing radiation raised the question of the possible interaction between the three proteins. To address this question we ®rst performed triple staining with anti p53, anti hMre11 and anti PML antibodies followed by confocal analysis. As shown in Figure 4 , colocalization between all three Figure 3 PML: hMre11 and PML: p53 dynamic of colocalization after ionizing radiation. Double PML: hMre11 and PML: p53 staining was performed after Triton X-100 pre-extraction and paraformaldehyde ®xation (see Material and methods); confocal analysis of representative cells are shown; (A) green¯uorescence: PML (PGM-3) (a ± e); red¯uorescence: hMre11 (polyclonal anti hMre11) (f ± l); at 8 h after irradiation hMre11 forms IRIF that at 12 h associate with PML NBs; after 24 h hMre11 complex resumed the association with PML bodies; (B) green¯uorescence: PML (PGM3) (a ± e); red¯uorescence: p53 (DO-1) (f ± l); at 12 ± 24 h after irradiation p53 forms detergent resistant aggregates that associates with PML NBs proteins, as shown by white staining, could be observed 12 ± 24 h after IR (at 12 h in 80 ± 90% of cells, u; at 24 h in 20 ± 30% of cells, v). As expected, most of these IRIF reside at sites of DNA breaks, as shown by colocalization (see white staining) of g-H2AX with either p53: PML ( Figure 5A , j and y) or with p53: hMre11 complexes ( Figure 5B) ; the presence of yellow stained IRIF in Figure 5A (j and y) indicates the association of p53 with g-H2AX.
We then investigated whether the observed colocalization is accompanied by a direct interaction between p53, PML and hMre11.
Western blot analysis of WI38 cell lysates showed that p53 was induced after irradiation at 8 h while no alteration in hMre11 protein levels was observed (as shown in Figure 6 , middle panel). Interestingly anti PML Western blot showed a slight but reproducible increase in the amounts of PML (Figure 6 , upper panel), con®rming our previous immuno¯uorescence data. We therefore analysed anti-p53 immunoprecipitates for the presence of hMre11 and PML. Speci®c anti hMre11 (Figure 6 , middle panel) and anti PML (upper panel) signals were observed in the anti-p53 immunoprecipitate at the later time points (12 ± 24 h).
In conclusion these ®ndings indicate that DNA damage induces, at a late time point, the association of p53 with PML and hMre11, and that this association probably occurs at sites of DNA breaks.
Discussion
We have described a sequence of events triggered by IR that dynamically involve PML, hMre11 and p53.
The PML NBs are modi®ed in localization and morphology by irradiation and are recruited to sites of DNA breaks, suggesting that PML may play a role in the DNA repair-signalling pathway. HMre11 is rapidly dissociated from PML following irradiation before returning, at later time points (12 ± 24 h), within NBs. Interestingly, at these time points, we could observe the formation of tritoninsoluble p53 IRIF that associated with PML:hMre11 and colocalized with clusters of DNA breaks. The colocalization of the PML:hMre11 and p53 after damage correlates with the formation of a detectable complex between p53, hMre11 and PML.
An increasing number of reports point to the existence of macromolecular complexes where DNA repair proteins, cell-cycle regulators and transcriptional activators coexist and regulate multiple biological pathways, including repair, cell-cycle progression and apoptosis (Wang et al., 2000) . P53 was reported to bind RAD51 (Buchhop et al., 1997) , which is involved in homologous recombination, and to form a complex with BRCA1 (Chai et al., 1999) , a tumour suppressor involved in multiple pathways including repair, transcriptional regulation and apoptosis.
PML has been demonstrated to colocalize and to functionally interact with BLM (Zhong et al., 1999; Bischof et al., 2001) , the protein responsible for Bloom syndrome, characterized by radiation sensitivity and an increased rate of sister chromatid exchange. Interestingly, PML NBs have been shown to be sites of BLM, RAD51 and RP-A assembly during late S/G2 and following irradiation (Bischof Our results add hMre11 and p53 to the species recruited to IR induced DNA breaks (Paull et al., 2000) , suggesting that PML NB play a more active role in controlling the DNA repair and cell cycle than previously hypothesized. One possible interpretation of the late recruitment of hMre11 and p53, within PML NBs at sites of DNA damage may be that these structures represent the physical sites where DNA repair activities and/or cell cycle checkpoint pathways are co-ordinated and monitored. Recruitment of p53 may be required to allow cells to maintain a cell cycle block until the accurate repair of these sites has been completed. Sites of damage would have to be repaired completely before the cells re-enter the cycle, in order to prevent asymmetrical chromosomal division during mitosis or propagation of mutations during replication. Studies in systems where the various components of these complexes, e.g. PML, p53, hMre11, have been inactivated or deleted are required to validate this hypothesis. 
Materials and methods

Tissue culture, immunofluorescence and confocal analysis
Primary human ®broblasts (Wl38 or HEL299) were cultured in DMEM supplemented with 10% foetal bovine serum and 2 mM glutamine. For immuno¯uorescence staining cells were plated on 0.5% gelatin coated glass slides 24 h prior irradiation. Sixty to 70% con¯uent cells were treated with 15 Gray (Gy) using a biological irradiator (RADGIL-GILARDONI) as source of X-rays. When indicated at dierent time point cells were washed with PBS 16and ®xed with 4% paraformaldehyde, permeabilized with Triton X-100 0.1% ± BSA 2% (for PML staining). For ssDNA detection the protocol of Radershall et al. (1999) was followed with minor modi®cations. Brie¯y cells were labelled with 10 mg/ml of 5' bromo 2' deoxyuridine (BrdU ± SIGMA) for 30 h, then treated with 15 Gy of X-rays. After methanol ®xation for 5' at 7208C and blocking with 2% BSA for 30 min cells were immunolabelled with goat anti PML antibody (Santa Cruz Biotechnology, Inc) followed by anti goat alexa 488, and monoclonal anti BrdU followed by anti mouse Alexa 568. As control for colocalization anti centromere antibodies (anti CREST human serum Antibodies Incorporated) probed with anti human FITC (Jackson Laboratories) were used. For in situ extraction, cells plated on coverslips were permeabilized with CSK buer plus 0.5% Triton X-100 (100 mM NaCl, 300 mM sucrose, 10 mM PIPES pH 6.8, 3 mM MgCl 2 , 10 mM leupeptin, 1 mM EGTA, 1.2 mM PMSF, 0.5% Triton X-100) for 10 min at 48C, then ®xed with 4% paraformaldehyde at room temperature for 10 min, then blocked with 2% BSA for 30 min. Confocal microscopy was performed with a Biorad MRC1024ES krypton-argon laser scanning confocal microscope, attached to an inverted Olympus microscope I670, using an oil immersion 606ob-jective 1.4 NA; optical sections of 512 pixels6512 pixels68 bits/pixel were taken in the median plane of the nucleus, as determined by nuclear conterstaining, with zoom magni®ca-tion (pixel size ranging from 0.100 to 0.080 mm) and Kalman ®ltering (=4). Images were processed with Adobe PhotoShop 3.0. Cross talks between channels were avoided by using sequential scanning acquisition.
Co-immunoprecipitation and Western blot
Human primary ®broblasts WI38 were lyzed in E1A buer (250 mM NaCl, 50 mM HEPES pH 7.0, 0.1% NP40, 5 mM EDTA, 1 mM DTT) supplemented with standard protease inhibitors. Agarose conjugated anti p53 FL-393 antibody (Santa Cruz Biotechnology) has been added for 2 ± 3 h; after washing beads ®ve times with E1A buer precipitated proteins were dissolved in SDS Laemmli buer and fractionated by SDS ± PAGE. Western blot was carried out according to standard procedures using anti p53 FL-393, anti hMre11 and polyclonal anti Myl antibody.
